Tyrosine phosphorylation of FAK (focal adhesion kinase) regulates signalling that results from the interaction of integrins with extracellular matrix and growth factor receptors. A critical step in this process is the phosphorylation of Tyr 397 of FAK, which creates a binding site for Src family kinases, PI3K (phosphoinositide 3-kinase) and Shc (Src homology and collagen homology). An intact Tyr 397 site is required for FAK-mediated regulation of cell migration, survival signals and full responsiveness to soluble growth factors. We showed previously that the adaptor protein paxillin is required for the overall tyrosine phosphorylation of FAK in embryonic stem cells [Wade, Bohl and Vande Pol (2002) Oncogene 21, 96-107]. In the present paper, we identify the minimal structural features of paxillin that are required to support overall FAK tyrosine phosphorylation and Tyr 397 phosphorylation. Paxillin contains N-terminal leucine-rich LD motifs that bind directly to FAK and four LIM (Lin-11, Isl-1 and Mec-3) domains in the C-terminus. We show that paxillin LIM domains 1, 2 and 3 are each required for FAK tyrosine phosphorylation, while LIM4 is dispensable. In addition to paxillin LIM domains 1, 2 and 3, a single LD motif on paxillin is required to support FAK tyrosine phosphorylation in embryonic stem cells. Both sequence and spatial requirements exist for LD motifs to support FAK tyrosine phosphorylation. Interestingly, synthetic LD motifs that fail to bind FAK in vitro are able to fully support FAK tyrosine phosphorylation, indicating that minimal interactions of LD motifs with FAK suffice. Our results demonstrate at least four distinct structural domains of paxillin support at least three distinct functions that are each required for FAK tyrosine phosphorylation.
INTRODUCTION
Integrins are heterodimeric cell surface receptors for ECM (extracellular matrix) proteins. Signalling from integrins is required for cell attachment, spreading and migration on ECM-coated surfaces, as well as normal organism development [1, 2] . Since the intracellular domain of most integrin subunits is generally less than 50 amino acids in length and lacks known enzymatic activity, the integrins initiate signalling cascades through association with intracellular proteins [3] . ECM-bound integrins cluster together in the plane of the membrane and recruit actin-structuring proteins and signalling molecules to form a connection between the extracellular matrix and a complex of intracellular cytoskeletal components called a focal adhesion [4] . The focal adhesion provides a site where the cell contacts the ECM and actin can be anchored to the plasma membrane. Focal adhesions allow a cell to spread on to a surface, and the co-ordinated formation and disruption of the focal adhesions is required for cell motility [5] .
Regulation of signalling from the focal adhesions involves many different molecules including adaptors, kinases, phosphatases and G-proteins [6, 7] . FAK (focal adhesion kinase) was first described as a prominently tyrosine-phosphorylated band in v-src transformed cells [8] . FAK localizes to focal adhesions and is tyrosinephosphorylated upon integrin attachment to ECM-coated surfaces and growth factor receptor stimulation (reviewed in [9] ). FAK is composed of three domains: an N-terminal FERM (protein 4.1/ezrin/radixin/moesin) domain, a central catalytic tyrosine kinase domain and a C-domain which includes the FAT (focal adhesion targeting) domain that is necessary for FAK localization and interaction with paxillin and talin [9, 10] . In addition to FAK's tyrosine kinase activity, FAK can function as a scaffolding protein by associating with many cellular proteins including Src, p130Cas (Crk-associated substrate), PI3K (phosphoinositide 3-kinase), Shc (Src homology and collagen homology), paxillin and talin [9, 10] . FAK binds to paxillin's leucine-rich peptides LD2 and LD4 using the PBS1 and PBS2 (paxillin-binding sequences 1 and 2) located within the FAT domain of FAK [11, 12] . The FAT domain of FAK is composed of four α-helix regions that create hydrophobic pockets between helices 1 and 4 as well as helices 2 and 3, where LD motifs 2 and 4 of paxillin bind [11] [12] [13] . Mutation of both of the paxillin-binding sequences of FAK is necessary to disrupt paxillin association with FAK [11, 12] . Mutational analysis of paxillin indicates that FAK associates with LD2 and LD4 with similar affinity, with co-operative binding if both the LD2 and LD4 motifs are intact; mutation of both LD2 and LD4 is required to abrogate FAK binding to paxillin in vitro [11, 12] .
FAK contains six tyrosine residues (Tyr 397 , Tyr 407 , Tyr 576 , Tyr 577 , Tyr 861 and Tyr 925 ) that are phosphorylated in response to diverse stimuli [9, 14] . The tyrosine at position 397 is an autophosphorylation site that, when phosphorylated, creates a binding site for the Src SH2 (Src homology 2) domain [14, 15] . It has been postulated that recruitment of c-src to phosphorylated Tyr 397 of FAK results in the tyrosine phosphorylation of the remaining sites on FAK [16] . In addition to Src, other known binding partners for phosphorylated Tyr 397 of FAK include the adaptor protein Shc and the p85 subunit of PI3K [16, 17] . Reconstitution of FAK −/− fibroblasts with mutants of FAK showed that an intact Tyr 397 of FAK was required to restore FAK phenotypes of motility, migration and cell spreading [18, 19] . In the C-terminus of FAK, Tyr 861 and Tyr 925 can be phosphorylated by Src, creating a binding
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site for the small adaptor protein Grb2 (growth-factor-receptorbound protein 2) and thereby coupling FAK signalling to the Ras-MAPK (mitogen-activated protein kinase) pathway [9, 20, 21] . Paxillin is an adaptor protein that binds to FAK, Src, vinculin and actopaxin, as well as other proteins [22, 23] . Paxillin is the prototype of a small family of structurally similar proteins, including the family members Hic-5 and leupaxin [24] [25] [26] . As noted above, paxillin contains five small α-helical leucine-rich peptide motifs termed LD motifs that provide binding sites for many paxillin-associated proteins, including FAK. The C-terminus consists of four double zinc finger LIM (Lin-11, Isl-1 and Mec-3) domains that are necessary for paxillin localization to focal adhesions as well as protein interactions [27, 28] .
FAK, Src and paxillin have all been implicated in the regulation of focal adhesion turnover and cell motility [29] . Studies using mutants of FAK and Src in FAK −/− or SYF (Src, Yes and Fyn −/− ) cells respectively indicate that these kinases are intimately involved in the regulation of cell spreading and migration [19, 30, 31] . Specifically, the FAK kinase domain and phosphorylation of Tyr 397 have been shown to be required for cell motility [19, 32] . The mechanism by which FAK, Src and paxillin can control focal adhesion turnover is not yet fully elucidated.
It is likely that the activation of Src and FAK is tightly regulated to control cell spreading and migration on ECM-coated surfaces. Src kinase activity can be inhibited by phosphorylation of Src at Tyr 527 by the negative regulatory kinase CSK (C-terminal Src kinase). Likewise, a number of tyrosine phosphatases have been shown to associate with focal adhesion proteins including Shp2 (SH2-containing tyrosine phosphatase 2), PTPα (protein tyrosine phosphatase α), PTEN (phosphatase and tensin homologue deleted on chromosome 10) and PTP-PEST (Pro-Glu-SerThr) [33] [34] [35] [36] . These proteins may have a role in co-ordinating the activation of FAK, paxillin, Src and other focal adhesion proteins. The activation of FAK, Src and paxillin may also be regulated by localization within the cell. Several members of the ARF-GAP (ADP-ribosylation factor GTPase-activating domain) family of proteins that regulate vesicular trafficking have been shown to bind to paxillin and FAK [37] [38] [39] .
In order to understand the role of paxillin, we created ES (embryonic stem) cells where both alleles of paxillin have been disrupted [40] . These knockout ES cells do not express paxillin or related family members Hic-5 and leupaxin. In paxillin −/− ES cells, re-expression of paxillin is required for the tyrosine phosphorylation of FAK [40] . In the present paper, we extend our analysis to show that paxillin LIM domains 1, 2 and 3 and at least one LD motif are required for the phosphorylation of FAK at Tyr 397 and Tyr 861 . Surprisingly, a minimal paxillin molecule that fully supported FAK tyrosine phosphorylation showed no in vitro or in vivo association with FAK. Although such paxillin molecules required an intact LD motif, extensive mutagenesis revealed that such motifs need not form stable associations with FAK to be able to fully support FAK tyrosine phosphorylation. FAK tyrosine phosphorylation was associated with cell spreading, as there was complete correspondence between paxillin mutants that supported FAK tyrosine phosphorylation and restored cell spreading. We show further that neither paxillin localization nor direct binding of FAK with paxillin is sufficient for FAK tyrosine phosphorylation, implying that additional paxillin-associated functions are required for the tyrosine phosphorylation of FAK in ES cells.
MATERIALS AND METHODS

Cell culture
ES cells were derived from the R1 line [41] . Paxillin heterozygous ( +/− ) clone 43 cells and the paxillin −/− clone 17 cells have been described previously [40] . All ES cells were grown in Iscove medium supplemented with 15 % ES KnockOut SR (Life Technologies), 1 mM non-essential amino acids (Life Technologies), 10 mM 2-mercaptoethanol (Sigma) and penicillin/streptomycin (Life Technologies) as described in [42] . LIF (leukemia inhibitory factor) was grown as a GST (glutathione S-transferase) fusion protein in Escherichia coli and was purified as described in [40] . ES cells were grown on tissue culture plates coated in 0.1 % gelatin (Sigma). The paxillin −/− T17 cell line was generated by injecting athymic nude mice with 10 6 ES clone 17 cells. The mice were killed at 6 weeks, and the benign teratoma was removed, minced and digested in trypsin. The cells were selected in DMEM (Dulbecco's modified Eagle's medium) with 10 % (v/v) FBS (foetal bovine serum) (Life Technologies) and 400 µg/ml G418 (Life Technologies) for 2 weeks. T17 cells are paxillin −/− ; however, they do express Hic-5 (results not shown).
DNA vectors and transfections
The expression vector pCX-EGFP was modified as described in [40, 43] and was used as the expression plasmid in all experiments. This plasmid was modified further with the addition of a FLAG epitope tag insertion into the multiple cloning site so that FLAG fusions to the N-terminus of proteins could be expressed in cells. Truncation and deletion mutants were generated by oligonucleotide-directed mutagenesis. Individual LIM domain mutants are deleted as follows: LIM1 (deletion of amino acids 326-376), LIM2 (deletion of amino acids 385-435), LIM3 (deletion of amino acids 444-494) and LIM4 (deletion of amino acids 502-559). The LD swap mutants consist of LD1 (amino acids 4-10) or LD4 (amino acids 267-273) fused in frame to amino acids 310-502. The LD2/LD4-deleted paxillin mutant was described previously [40] . ES cells were co-transfected with Lipofectamine TM 2000 (Life Technologies) with paxillin or paxillin mutants and a PGK-Puro plasmid [44] , and transfected cells were selected with 2 µg/ml puromycin (Life Technologies). All stable cell lines were screened for expression of the appropriate protein by Western blotting, frozen at passage two and used in experiments at early passage. The pTM1 plasmid [45] was modified by inserting the GST protein into the multiple cloning site so that fusion proteins of GST to the N-terminus of other proteins could be generated in vitro or in cells using a vaccinia virus expression system. GST-FAK was generated by infecting confluent CV1 cells with the vTF7 strain of vaccinia virus (53). The pTM1 GST-FAK plasmid was transfected into vaccinia-infected CV1 cells, and protein was recovered 24 h after infection. Cells were lysed in NP40 (Nonidet P40) lysis buffer (150 mM NaCl, 50 mM Tris/HCl, pH 7.5, 50 mM NaF, 5 mM sodium phosphate, 1 % NP40, 0.01 % PMSF, 1 mM sodium vanadate and 1 µg/ml leupeptin/aprotinin) and GST fusion proteins were recovered by binding to GSH-agarose beads at 4
• C for 1 h, followed by washing the beads three times with binding buffer. Soluble lysates from paxillin −/− cells transfected with FLAG-tagged paxillin and paxillin mutants were incubated with 1 µg of GSH-bound fusion protein, rocked at 4
• C for 1 h, washed three times with binding buffer, and bound proteins were eluted with 1× SDS sample buffer [2 % (w/v) SDS, 60 mM Tris/HCl, pH 6.8, 100 mM dithiothreitol, 2.5 % (v/v) glycerol and 0.01 % (w/v) Bromophenol Blue].
Cell-spreading assays were performed as described in [40] . Briefly, mouse paxillin −/− ES cells were grown in 20 % FBS and transfected transiently for 24 h. The cells were co-transfected with GFP (green fluorescent protein) and the indicated paxillin mutant. The cells were then trypsinized and plated on to fibronectin-coated coverslips for 7 h before fixing and staining.
Cell lysis and immunoprecipitation
Cells were lysed on ice in 0.5× NP40 lysis buffer. Lysates were clarified by centrifugation at 14 000 g for 20 min at 4
• C. Clarified cell lysates were equalized for protein content using Coomassie Plus protein reagent (Pierce) before immunoprecipitation or Western blot analysis. Immunoprecipitations were carried out using 0.5 mg of protein lysate and 1 µg of purified antibody. The complex that formed on ice after 1 h was precipitated using rabbit anti-(mouse IgG) and Protein A-Sepharose beads (Repligen) and rocked at 4
• C for 1 h. Immunoprecipitations with mouse monoclonal antibodies were precipitated with goat anti-mouse magnetic beads (Pierce) or Protein A-Sepharose and a rabbit anti-mouse bridging antibody. All precipitations were washed three times with 1.5 ml of 4
• C lysis buffer, and the complex was eluted with SDS sample buffer.
Antibodies
Antibodies against paxillin, and PY20 antibodies, were from Transduction Laboratories. Anti-FAK antibodies for immunoprecipitation (clone A7) and Western blot (clone 77) were from Upstate Biotechnology and Tranduction Laboratories respectively. The rabbit polyclonal phosphotyrosine-specific antibodies against FAK Tyr 397 and Tyr 861 were from BioSource International. The monoclonal anti-phosphotyrosine antibody 4G10 was from Upstate Biotechnology. Primary antibodies on Western blots were detected using horseradish-peroxidase-conjugated secondary antibody and Supersignal substrate solution (Pierce). Rabbit antipaxillin antibody CU4 was made by injecting 1 mg of a GST fusion of paxillin amino acids 1-331 (amino acids 45-54 deleted) into New Zealand white rabbits. CU4 recognizes mouse, chicken and bovine paxillin by Western blotting and immunofluorescence. CU4 was adsorbed against paxillin −/− T17 cells to reduce nonspecific binding. 
Paxillin structural domains required to support FAK tyrosine phosphorylation
While individual paxillin LD motifs (1, 3, 4 and 5), in the context of the full-length paxillin molecule are expendable for FAK tyrosine phosphorylation, deletion of the full amino terminus of paxillin or the four LIM domains abrogates FAK tyrosine phosphorylation [40] . This indicates a requirement for features of both the amino terminus and the LIM domains of paxillin to support FAK tyrosine phosphorylation. In order to determine the minimal structural features of paxillin required to support FAK tyrosine phosphorylation, we created additional paxillin deletion and truncation mutants that lacked one or more domains (illustrated in Figure 2A) .
One function of paxillin is localization to focal adhesions. Focal adhesions are very difficult to visualize in ES cells, so paxillin −/− differentiated T17 fibroblast cells (see the Materials and methods section) were transiently transfected with paxillin and paxillin mutants to ascertain the ability of these mutants to localize to focal adhesions. T17 cells express the paxillin family member Hic-5 and spread on coverslips. T17 cells that were transfected with empty vector did not show any staining with the CU4 anti-paxillin antibody; however, these cells displayed vinculin containing focal adhesions ( Figure 2B ). When wild-type paxillin was expressed in T17 cells, paxillin co-localized with vinculin in focal adhesions ( Figure 2B ). Paxillin mutants deleted of individual LIM domains were tested for localization in the paxillin −/− T17 cell line. Paxillin molecules with LIM1 or LIM4 deletions localized to focal adhesions; however, mutants of paxillin with LIM2 or LIM3 deletions did not localize with vinculin-stained focal adhesions ( Figure 2B ). This is consistent with results published previously on the role of LIM3 in paxillin localization [27] .
Paxillin LIM domains are required for FAK tyrosine phosphorylation
The paxillin mutants illustrated in Figure 2 (A) were transfected into clone 17 ( −/− ) ES cells to generate stably expressing cell lines that were tested for the tyrosine phosphorylation of FAK. FAK immunoprecipitates separated by SDS/10%-(w/v)-PAGE were probed with anti-phosphotyrosine antibody 4G10 and whole-cell lysates were probed with phosphospecific antibodies against Tyr 397 and Tyr 861 of FAK. As observed previously [40] , expression of exogenous paxillin was able to restore the tyrosine In the top row, FAK immunoprecipitates (IP) from clone 17 cell lines stably expressing the indicated paxillin molecules were analysed by Western blotting (WB) with the anti-phosphotyrosine antibody 4G10. The remaining strips show the same whole-cell lysates analysed by separate Western blots with the indicated antibodies. LIM4 is able to support total FAK phosphorylation as well as phosphorylation at Tyr 397 and Tyr 861 , while loss of LIM1, LIM2 or LIM3 abrogates FAK tyrosine phosphorylation. All paxillin constructs were FLAG-tagged at the N-terminus. Wt, wild-type.
Figure 4 FAK tyrosine phosphorylation does not require LD motifs 2 and 4
The truncation mutants of paxillin shown in Figure 2 (A) were used to define the minimal domain for FAK tyrosine phosphorylation. Mutants listed as LD5 have amino acids 302-309 deleted. Clone 17 cells stably expressing the indicated paxillin mutant were grown and lysed, and FAK was recovered by immunoprecipitation (IP). The immunoprecipitated FAK was split, and SDS/ 10 % (w/v) polyacrylamide gels were Western-blotted (WB) and probed with the 4G10, p397 and p861 antibodies. The p397 blot was then stripped and reprobed with the FAK antibody. The bottom panel shows the expression of the paxillin mutants by Western blotting whole-cell lysates with anti-FLAG antibody. The paxillin N-terminus is almost completely dispensable for FAK tyrosine phosphorylation.
( Figure 2B ). However, the LIM1 paxillin molecule localized to focal adhesions ( Figure 2B 
Paxillin LD motifs 2 and 4 are not required for FAK tyrosine phosphorylation
In order to expand upon our findings, a series of paxillin mutants that were truncated at both the N-and C-terminal ends were created (illustrated in Figure 2A ). These mutants were transfected into ES cells, and stable cell lines were generated to test for their ability to restore overall FAK tyrosine phosphorylation, as well as phosphorylation at Tyr 397 and Tyr 861 (Figure 4) . A paxillin 
LIM domains 1-3 and at least one LD motif are required for FAK tyrosine phosphorylation in ES cells
Interestingly, the N-terminus of paxillin was almost completely dispensable for FAK tyrosine phosphorylation, as mutants missing all sequences upstream of LD5 still promoted FAK tyrosine phosphorylation ( Figure 5 , lane 2). These results, taken together with the results of Figure 4 , indicate that the minimal paxillin molecule structure that is able to support FAK tyrosine phosphorylation contains LD5 and LIM1, LIM2 and LIM3. The finding that LD5 was required for FAK tyrosine phosphorylation prompted us to determine whether other LD motifs could substitute for LD5 when placed at the position of LD5. Both LD1 and LD4 could promote FAK tyrosine phosphorylation when fused to amino acids 310-502 ( Figure 5, lanes 3 and 4) . However, fusions of LD2 and LD3 to amino acids 310-502 resulted in unstable proteins (results not shown).
FAK phosphorylation requires the hydrophobic core of an LD motif
In order to understand the structural requirements of an LD motif that could support FAK tyrosine phosphorylation, amino acid substitutions in the LD5 motif were created in the paxillin 302-502 fragment and stably expressed in paxillin Mutation of most of the other amino acids of LD5 (D303A, T304V, G307A and S308A) had no effect upon FAK tyrosine phosphorylation ( Figure 6A, lanes 4, 5, 7 and 8 ). This analysis of the LD5 sequence (LDTMLGSL) showed sensitivity to mutation of the core hydrophobic sequence of an LD motif (LXXLLXXL).
Stable association of FAK with paxillin is not required for the paxillin-dependent tyrosine phosphorylation of FAK
Our initial experiments failed to demonstrate an association between FAK and the 302-502 fragment of paxillin by coimmunoprecipitation in ES cells (results not shown). To determine whether the single LD motif required for FAK tyrosine phosphorylation reflected a requirement of that LD motif to interact with FAK, the paxillin molecules were expressed in ES cells and were tested for their ability to associate with full-length GST-FAK in a more sensitive in vitro binding assay. While wild-type paxillin was able to associate with FAK in vitro and in vivo, a paxillin molecule with LD2/LD4 and LIM4 deleted was unable . This is consistent with previous experiments in other laboratories demonstrating the requirement of paxillin LD motifs 2 and 4 for the association with FAK [12, 27] .
FAK tyrosine phosphorylation correlates with cell spreading
Our previous report identified a spreading defect in paxillin −/− ES cells after attachment to an ECM-coated surface [40] . In order to determine whether the minimal paxillin fragment required for FAK tyrosine phosphorylation could also support other paxillinmediated events, cell-spreading assays were performed. ES cells transfected with wild-type paxillin spread on a fibronectin-coated Figure 8B, lanes 2, 6, 7, 9, 12-14, 16, 17, 19 and 20) . The expression of the paxillin mutants used in Figure 8 MEFs and our clone T17 cells spread readily on coverslips. ES cells grown on gelatin form two populations of cells: those that contact the surface directly and those clusters of cells that attach to the surface-associated cells, therefore we investigated the state of FAK tyrosine phosphorylation under these circumstances. All of the studies on FAK tyrosine phosphorylation were performed under stable expression conditions. In the present study, we found that paxillin was required for the phosphorylation of FAK at Tyr 397 and Tyr 861 . We show that a minimal molecule of paxillin that is composed of an LD motif containing the core hydrophobic sequence LXXLLXXL, followed by LIM domains 1, 2 and 3 is necessary for FAK tyrosine phosphorylation. Strong direct binding of FAK to the paxillin fragment is not required for FAK tyrosine phosphorylation. In addition, FAK tyrosine phosphorylation is strongly correlated with early cell spreading.
Our previous study demonstrated that many of the features of paxillin including Tyr 31 and Tyr 118 , the polyproline tract and the individual LD motifs 1, 3, 4 and 5 were each individually dispensable for FAK tyrosine phosphorylation; however, the minimal features of paxillin that are necessary and sufficient for FAK tyrosine phosphorylation remained undefined. Previous reports have suggested that FAK mutants that do not bind to paxillin are tyrosine-phosphorylated in differentiated cells; however, these experiments may be complicated by the expression of PYK2 (protein tyrosine kinase 2), endogenous FAK or the disruption of the FAT domain structure by the mutations [47] . Our results suggest that direct association of paxillin with FAK, as determined by in vitro binding, is not required for paxillin to support the tyrosine phosphorylation of FAK, as mutants of paxillin that have LD2 and LD4 deleted still support FAK tyrosine phosphorylation, but fail to associate with FAK ( Figures 5 and 7) .
To elucidate the regions of paxillin's C-terminus that are necessary for the tyrosine phosphorylation of FAK, we stably expressed paxillin mutants with LIM domain deletions in clone 17 paxillin −/− cells. The LIM1, LIM2 and LIM3 mutants failed to restore the tyrosine phosphorylation of FAK. The paxillin mutant LIM4 localized to focal adhesions and permitted the tyrosine phosphorylation of FAK ( Figures 2B and 3) . These results indicate a necessary role for paxillin LIM1, LIM2 and LIM3 in FAK tyrosine phosphorylation. The LIM3 domain has been implicated in paxillin focal adhesion localization and interactions with tubulin and PTP-PEST, although the functional consequences of these interactions are not fully defined [48, 49] . Since LIM3 and LIM4 are both required for PTP-PEST association with paxillin [48] , this would indicate that the PTP-PEST interaction with paxillin is not required for the tyrosine phosphorylation of FAK in ES cells. Our results also demonstrate that paxillin localization is not the only feature of the LIM domains that is required for FAK tyrosine phosphorylation, as the paxillin LIM1 mutant localizes to vinculin-stained focal adhesions, yet fails to support FAK tyrosine phosphorylation ( Figures 2B  and 3 ). Taken together, these results indicate that neither stable association of FAK with paxillin nor localization of paxillin to focal adhesions is sufficient for paxillin to enable FAK tyrosine phosphorylation.
The necessity for LIM1, LIM2 and LIM3 of paxillin to support FAK tyrosine phosphorylation suggests multiple roles for the LIM domains of paxillin. LIM2 and LIM3 of paxillin have been shown to be required for focal adhesion localization. To date, no evidence proves that the requirement of LIM domains 2 and 3 for both paxillin localization and FAK tyrosine phosphorylation represent different manifestations of the same function. LIM1 of paxillin has not been shown to be required in paxillin localization; however, LIM domains 1, 2 and 3 are each required for FAK tyrosine phosphorylation, indicating that another function of the LIM1 domain, independent of paxillin localization, is required for FAK tyrosine phosphorylation. Therefore it is likely that the LIM domains play a primary role in assembly of an as-yet-unidentified protein complex that permits the accumulation of FAK phosphorylated at Tyr 397 and subsequent phosphorylation of other tyrosine residues on FAK. Interestingly, a paxillin homologue in Drosophila that contains only LIM1, LIM2 and LIM3 without an LD motif has been described; however, no function has been attributed to this molecule [50] .
Paxillin molecules that consist of only LIM domains 1-3 are unable to support FAK tyrosine phosphorylation, demonstrating a requirement for some N-terminal function of paxillin; if an LD motif is fused to the LIM1-LIM3 fragment, FAK tyrosine phosphorylation is restored. Interestingly, there are both spatial and sequence specific requirements for the LD motif. While there is an absolute requirement for a single LD motif, there was a surprising lack of sequence specificity or strength of interaction with FAK in the LD motifs that supported FAK tyrosine phosphorylation. Many of the paxillin mutants that were permissive for FAK tyrosine phosphorylation interacted so weakly with FAK that we were unable to demonstrate binding in vitro or in vivo (Figure 7 ). In the case of the LD4 swap mutant, this may reflect the use of a minimal LD motif without flanking amino acids. It is unclear what minimal affinity for FAK an LD motif must have to support FAK tyrosine phosphorylation, or whether the requirement for an LD motif represents a requirement for interaction with a different cellular factor or interaction with another region of the paxillin molecule. Our previous report showed that LD5 could be deleted in the context of full-length paxillin and that the mutant still supports FAK tyrosine phosphorylation, suggesting that the LD5 sequence and its position near the LIM domains may not be the features of the LD motif that are absolutely required for FAK tyrosine phosphorylation [40] . A spatial requirement for the position of the LD motif with respect to the LIMS was also evident. Mutants such as 225-502 ( LD5) contain an intact LD4, yet this mutant is unable to promote FAK tyrosine phosphorylation; however, LD4 was able to support FAK tyrosine phosphorylation in the LD4 swap mutant ( Figure 5 ) where LD4 is inserted at the position of LD5, despite our inability to detect FAK binding in vitro ( Figure 7 ). There are two possibilities for the LD requirement. First, it may be that the LD must be present to structure the LIM domains properly and that in order for this to occur the LD motif must be either close enough to the LIM domains (LD5) or far enough away so that the LD motif can wrap around (the full-length LD5 molecule) and contact the LIM domains. Intermediate distances of the LD motif from the LIM domains (225-502 LD5) may not have the required flexibility in order to contact the LIM domains. Alternatively, the required LD motif may need to bind one specific paxillin-binding sequence of FAK, and that a very short distance from the LIMS (302-502) or a longer more flexible LD (FL paxillin LD5) is required to contact the paxillinbinding sequence of FAK and that the intermediate distance (225-502 LD5) cannot access the paxillin-binding sequence. Taken together, these results indicate both spatial and sequence-specific roles for the LD motifs of paxillin that are independent of stable binding with FAK.
There was a clear association between early cell spreading and the tyrosine phosphorylation of FAK. Mutants of paxillin that fail to support FAK phosphorylation fail to support cell spreading, although mutants that support FAK tyrosine phosphorylation were able to enhance cell spreading ( Figure 8B ). These results indicate that FAK tyrosine phosphorylation and cell spreading in ES cells are closely related events.
Our results show that four separate structural motifs of paxillin (an LD motif and LIM domains 1-3) are required for three distinct functions that support of FAK tyrosine phosphorylation (an LD interaction, an unknown interaction at LIM1 and a function that correlates with focal adhesion localization that requires LIM2 and LIM3). When associated with proteins that bind LIM domains 1-3, an LD motif that is not an ideal FAK-interacting LD motif may be sufficient to transiently associate with the FAT domain, promoting an 'unlocking' effect that permits either FAK tyrosine autophosphorylation or phosphorylation of Tyr 397 by another kinase. While it is possible that some other as-yet-unidentified protein binds the single necessary LD motif to promote FAK tyrosine phosphorylation, this seems less likely given the ability to swap such a variety of mutants, including other LD motifs of paxillin in place of LD5 in the 302-502 mutant. Future work will focus on determining the proteins that interact with the paxillin LIM domains and the role these complexes have in the tyrosine phosphorylation of FAK in ES cells.
Our analysis demonstrates a surprising simplicity in the requirements of the N-terminus of paxillin, as only a single LD motif is required to support FAK tyrosine phosphorylation. This is surprising, given the considerable literature noted in the Introduction that defines roles for numerous motifs in the N-terminus of paxillin to regulate cytoskeletal dynamics in differentiated cells, such as interactions with kinases, ARF-GAPs, Crk adapter proteins and phosphorylation by extracellular-signal-regulated kinases. Clearly, the use of ES cells has simplified the analysis of the minimal paxillin features required for FAK tyrosine phosphorylation. Thus our analysis does not exclude the possibility that alternative mechanisms, independent of paxillin family members, may exist in differentiated cell types that could support the tyrosine phosphorylation of FAK.
